Contemporarily, there are 16 coal-burning thermal power plants currently operating in Turkey. This number is expected to rise to 46 in the future. Annually, about 15 million tons of fly ash are removed from the existing thermal power plants in Turkey, but a small proportion of it, 2%, is recyclable. Turkey's plants are fired by lignite, producing Class C fly ash containing a high percentage of lime. Sulfate and alkali levels are also higher in Class C fly ashes. Therefore, fly ash is, commonly, unsuitable as an additive in cement or concrete in Turkey. In this study, highly alkaline fly ash obtained from the Yeniköy thermal power plants is combined with soil samples in different proportions (5%, 10%, 15%, 20%, and 25%) and changes in the geomechanical properties of Ankara clay were investigated. The effect of curing time on the physicomechanical properties of the fly ash mixed soil samples was also analyzed. The soil classification of Ankara clay changed from CH to MH due to fly ash additives. Free swelling index values showed a decrease of 92.6%. Direct shear tests on the cohesion value of Ankara clay have shown increases by multiples of 15.85 and 3.01 in internal friction angle values. The California bearing ratio has seen a more drastic increase in value (68.7 times for 25% fly ash mix).
Introduction
Nowadays, fly ash from a power plant is getting to be a more complicated issue for countries due to environmental problems. The number of thermal power plants in Turkey corresponds to energy needs that are increasing day by day. Turkish lignite is typically low-grade coal that has a very low calorific value and high mineral matter content [1] [2] [3] . It has been reported in various studies that extreme, high ash yields can range from 23% to 64% [4, 5] , which produce vast quantities of coal fly ash to be disposed. According to the latest numbers, the total amount of ash in ponds and landfills has already reached around 100 billion tons in Turkey [3] . Yeniköy power plant uses 4.8 million tons of low-quality lignite and generates 1.2 million tons of ash per year [3] . In contrast, a small quantity of fly ash is used as additives to raw cement or concrete, with far more being stored in the field and ash dam. Therefore, there have been limited studies on the stabilization of cohesive soils with fly ash addition in Turkey.
Bituminous coals have low concentrations of calcium compounds, and the ash produced (Class "F") exhibits no self-cementing characteristics. Subbituminous coals have higher levels of calcium carbonate (CaCO 3 ); thus, the ash (Class "C") produced during combustion is rich in calcium, resulting in self-cementing characteristics. Since Class "C" fly ash is self-cementing; activators such as lime or Portland cement are not required. Upon exposure to water, Class "C" fly ash hydrates forming cementitious products similar to those produced during the hydration of Portland cement. This property makes self-cementing fly ash a very practical and economic stabilization agent for use in a variety of construction applications [6] . Some studies on the performance of fly ash mixed soil have claimed that Class C fly ashes are accomplished of ameliorating physicomechanical properties of cohesive soils [7] [8] [9] [10] [11] . Fly ash is used to stabilize fine-grained soils so that a stable working platform can be provided for highway construction equipment [7, [12] [13] [14] . Additives with calcium oxide produce flocculation in the layers of clay by the substitution of monovalent ions by Ca 2+ ions. This balances the electrostatic charges of the layers of clay and reduces the electrochemical forces of repulsion between them. The adhesion of the particles of clay into flocks then occurs, giving rise to a soil with improved engineering properties: a more granular structure, less plasticity, greater permeability, and above all lower expansion [15] [16] [17] [18] [19] [20] [21] [22] . Also, the presence of the OH − ions produces an increase of the soil pH up to values of approximately twelve. In these conditions, pozzolanic reactions take place, when Si and Al which form part of the sheets of the clay dissolve and combine with the available Ca 2+ giving rise to cementing compounds such as calcium silicate hydrates and calcium aluminate hydrates [18, 21, [23] [24] [25] .
Akar et al. [3] have studied on short-term leaching manner of Fe, Ca, Cu, Co, Cd, Mn, Ni, Pb, Zn, and Cr (VI) from Yeniköy fly ash using TCLP-1311 [26] and ASTM D3987 [27] tests. According to their results, Ca was found as the most mobile element while Mn and Fe had the lowest mobility. The dissolution of selected trace elements was observed as higher for the particles below 38 m size. For the leaching tests of original fly ash material, the highest solubility values were found for Ca, Pb, and Cr (VI), respectively. The results suggested that releases of these trace elements were all lower than the allowed limits for solid wastes imposed by the EC Directive [3] . Furthermore, as to the study by Turhan et al. [28] , the utilization of the examined all fly ash samples (included Yeniköy fly ash) except Kangal and Soma, in the road, street, roadbeds, and road pavement does not pose any significant source of radiation hazard.
The other material of this study is Ankara clay that includes a sequence of lacustrine sediments that covers the surface of the Ankara Valley. These expansive soils are settled in western, central, and southern parts of Ankara, the capital of Turkey. Due to the expansive nature of this clay, damage to the roads and low-rise structures caused by differential volume changes of the clay occurs, particularly in the southern part of the city. This damage caused by the swelling has been deliberately ignored in both design and construction, however, because of limited budgets, poor construction methods, inadequate water drainage, and ineffective remedial measures [29] .
Finer, reddish-brown clastic of the fluvial-lacustrine deposits is referred to as reconsolidate, stiff, and fissured "Ankara clay" in engineering, geological, and geotechnical studies. Networks of hair cracks and slickensides are often present in Ankara clay, and the surfaces of fragments are usually polished and glossy in nature. Undisturbed sampling is rather difficult, and specimens tend to fail along the fissures and irregular surfaces [30] .
This work aims to investigate the possibility of using high alkaline fly ash from Yeniköy lignite-fired power station to ameliorate the geomechanical properties of Ankara clay. The effects of the proportions of the fly ash (FA) and curing time on the physical properties and strength development in Ankara clay have been illustrated in laboratory conditions. Scanning electron microscope (SEM) studies were performed to investigate the factors preventing swelling of Ankara clay. The outcomes of this work are to create new uses for FA in Turkey as well as build a basic mix design for further studies of strength and durability. The colour of Ankara clay (AC) in the sampling area is claret red or brown, and it includes lime bands. AC includes 48% clay, 37.2% silt, 14.5% sand, and 0.3% gravel-sized materials ( Figure 2 ). Regarding index properties, AC has a plastic limit (PL) of 35%, a liquid limit (LL) of 88.7%, and plasticity index (PI) of 53.7%. The soil sample was identified as "CH" by the unified soil classification system. Smectite, illite, chlorite, kaolinite, quartz, and calcite minerals were determined by the XRD analysis of a bulk sample (range: 5 ∘ -70 ∘ ) (Figure 3(a) ). Besides, types of clay minerals were identified by the XRD analysis on the same sample ( Figure 3(b) ).
Materials
AC has a typical value that is close to active clay ( = 1.12 < 1.2) and a high swelling potential (free swell index = 50%); therefore, it has been described as expansive soil. Shear strength parameters were calculated as cohesion ( ) of 13.9 kPa and internal friction angle ( ) of 10.70. Furthermore, the CBR value has been determined as 6.7%. All tests were realized to ASTM standards. Chemical analysis presented that the principal constituents of AC are silica, aluminium, calcium, and iron oxides. Lime bands in AC are the cause of the high calcium content (Table 1) .
Yeniköy Power Plant Fly Ash.
In this study, a very high lime fly ash was obtained from the second unit of Yeniköy coal-fired power plant. X-ray fluorescence (XRF) analysis was realized to classify the fly ash. Yeniköy fly ash (YFA) is over 10% reactive lime (21.80%) due to TS EN 197-1 [32] and Class W (calcareous fly ash). In contrast to the standard required in reactive silica, YFA does not comply with the 25% rule. According to ASTM C618 [34] of SiO 2 +Al 2 O 3 +Fe 2 O 3 , 40.63% of CaO, less than 50% and more than 10% due to Class C (high lime) fly ash provide critical conditions. YFA, SiO 2 +Al 2 O 3 +Fe 2 O 3 , well below 70% of the amount due, does not comply with the conditions required in TS 639 [33] . For TS EN 450 standards [31] , the limit for SO 3 is 3%; the amount of SO 3 in the ash is above this limit (16.63%). Because the percentage of free lime is 1.48%, the 1.00% of the standard limit has been passed. Accordingly, the desired conditions of YFA do not entirely conform to the respective four standards ( Table 2 ). The morphological analysis results show that usually semispherical and spherical glass beads have a grain size between 2.1 and 16.89 m (Figure 4 ) as well as rough surfaces, both perfectly ball-shaped and irregularly shaped particulate ( Figure 5 ). Its irregularly shaped particles are 10-60 microns big.
The natural pH value of fly ash is a valuable property which has a significant effect on the mobility of trace elements in an aqueous environment. Fly ash-water slurry was prepared by mixing 5 g of fly ash with 100 mL of deionized water for the determination of the pH value of the sample [3] . WTW brand (3110) pH meter was used to determine the pH of YFA at one-hour intervals for 24 hours' period. The 24 hours of pH was determined as 12.67. Specific gravity and surface area of YFA were determined as 2.63 and 0.169 m 2 /g (Table 3 ).
XRD diffractograms show that YFA includes quartz, unburned clay remains (free lime), anhydrite, gehlenite, hematite, calcite, and sulphide ( Figure 6 ).
Methods and Results
This study determined the effects of the fly ash (FA) additives on the strength of clay soil. AC was mixed with fly ash in 5%, 10%, 15%, 20%, and 25% proportions. Atterberg consistency limits, direct shear, the California bearing ratio (CBR), and swelling index tests were used on the cured samples, all tests to ASTM, and Indian standards. At the end of experiments, SEM imaging was realized on the samples.
Sample Preparation.
The samples were prepared by the rules of modified proctor test sample preparation as to ASTM D1557 [35] . In that standard, soil at a selected moulding water content is put in five layers into a mould, with each layer compacted by 56 blows of a 4.5 kg hammer dropped from a distance of 45 cm. The resulting dry unit weight is determined. The procedure is repeated for an adequate number of moulding water contents to establish a relationship between the dry unit weight and the moulding water content for the soil. The compaction curve is plotted with the values of the dry unit weight and water content. The values of the highest dry unit weight and optimum moisture content are found from the compaction curve [35] . All CBR tests of samples were realized in optimum moisture content value and about at 98% modified proctor stiffness. Therefore, modified proctor tests were carried out to determine optimum moisture content and maximum dry density of the mixed samples. During sample preparation, firstly, AC samples were ground and after that screened with #4 of a sieve which has 4.75 mm of the aperture. Undersize materials were mixed with 5%, 10%, 15%, 20%, and 25% of FA by weight at the optimum water content (Table 4) . Then those mixes were poured into the CBR moulds which have 152.4 mm in diameter and 177.8 mm of height. The samples were compacted in the five layers with 25 blows in each layer with using a mechanical compactor which automatically compacts and rotates mould after each blow while keeping track of the number of hammer blows. After that, mixtures were cured at 1, 7, and 28 days in the humidity cabinet which has 21 ∘ C of temperature and 90% of RH. During cure periods, prepared CBR samples have waited under load (7 kg), which present overburden pressure of the sampling depth of AC to prevent swelling and stress relaxation. Also, reference CBR samples having no FA were prepared as to the similar method of mixed samples.
Atterberg Limits.
Atterberg limit tests were realized to examine the effects of the FA additive on the soil consistency. The 5%, 10%, 15%, 20%, and 25% fly ashes were mixed with AC. PI and LL tests were carried out to ASTM D4318 [36] . Results show that the FA additive is very active on the consistency limits of the soil. The unified soil classification of the AC was changed from "CH" to "MH." PI was decreased from 53.75% to 8.76%, and LL was reduced from 88.71% to 64.61% (Figure 7) . Furthermore, the plastic limit increased 
California Bearing Ratio (CBR).
Prepared samples were tested as to the standard of the test method for California bearing ratio of laboratory compacted soils [37] . A fully automatic single-speed load frame that has 50 kN of the load cell and 1.27 mm/min speed was used in CBR tests. The values of California bearing ratio (CBR) tests show that the curing time is critical to CBR values. All samples, including FA, present a high increase in CBR values after seven days curing ( Figure 8 ). However, declines were observed in the CBR results of the samples, not including FA. That behaviour may be related to the curing conditions. Although AC samples were weighted with the load during curing, they started to swell when taking in water in the humidity cabinet. Therefore, they have begun to lose stiffness and CBR after the one-day curing. In contrast, other samples containing FA grew stiffer with curing time. The most increased rates (68.7 of 25% FA at 28 days) of the CBR values were found in the samples that include 25% FA ( Figure 9 ). The increment ratio was calculated by dividing the CBR value of the FA mix by the CBR value of AC. Furthermore, some physical changes were observed in the 25% FA mixtures. Although the colour of AC is claret red, the 25% FA mix colour was changed to a brownish green. As well, the 25% FA mix samples have shown brittleness (Figure 10 ). 
Shear Strength.
Shear strength properties of soil and fly ash mixed soil were determined by using direct shear test apparatus. Normal loads were decided as to sampling depth and overburden pressure. Furthermore, all tests were realized on 7-and 28-day cured samples according to standard test methods for a direct shear test of soils under consolidated drained conditions [38] . Due to the longer curing time, an increase in cohesion and angle of internal friction was determined to occur (Figures 11 and 12 ). For 28-day curing period, AC's cohesion values increased 15.85 times and internal friction angles increased 3.01 times for the 25% fly ash mixed soil samples ( Figure 13 ). Increment ratio was calculated by the value of the FA mix divided by the value of AC. Also the increase in internal friction angle is very striking. Fly ash additives roughen up to the surface of clay minerals and increase internal friction in that way. for an investigation of those soils likely to possess undesirable expansion characteristics. Inferential testing is used to reflect the potential of the system to swell under different simulated conditions. The actual magnitude of swelling pressures developed depends on the dry density, initial water content, surcharge loading, and several other environmental factors. Swelling tests were carried out to the Indian standard [39] . In this procedure, two 10 g soil specimens of oven dry soil passing through a 425-micron IS sieve are taken. If highly swelling soils, such as sodium bentonite, the sample size may be 5 g, alternatively, a cylinder of 250 mL may be used. Each soil specimen shall be poured in each of two glass graduated cylinders (100 mL capacity). One cylinder shall be filled with kerosene oil and the other with distilled water up to a 100 mL mark. Then with removal of entrapped air by gentle shaking, the soils in both the cylinders shall be allowed to settle. Sufficient time which is not less than 24 h shall be allowed for the sample to attain an equilibrium state of the volume without any change in the volume of the soils. The final volume in each of the cylinders shall be read out. The level of the soil in the kerosene graduated cylinder shall be read as the original volume of the soil samples. The soil level in the distilled water cylinder shall be read as the free swell level [39] .
The free swell index of the soil is calculated as follows:
where is the volume of soil specimen read from the graduated cylinder containing distilled water and is the volume of soil specimen read from the graduated cylinder containing kerosene.
The free swell index values of soil samples decreased with the amount of fly ash in the mix (Figure 14) . The free swell value of 25% fly ash mixed soil sample was close to 0%. With 5% FA mixed soil samples, the swelling ratio decreased by 27.4% in value; with 25% FA, it declined by 92.6% (Figure 15 ). Clay soils, even with a very low rate of FA, can considerably reduce their swelling potential.
Scanning Electron Microscopy Study.
After CBR tests, scanning electron microscopy (SEM) images of the samples were taken. In the SEM images, the clay surface was perfectly coated with fly ash among the grains. That explains why the swelling of the clay was prevented. Ash pellets move between the clay minerals with the water molecules and prevent swelling of the clay (Figure 16 ). Furthermore, FA grains are capable of making bonds among the clay minerals ( Figure 17 ).
Statistical Evaluation
Multiple regression analyses were realized to obtain the relationships between shear strength parameters ( and ) and fly ash content (FA, %) and curing time ( , days) as well as CBR values and fly ash content. XLSTAT of Addinsoft 
where is curing time (days) and FA is fly ash (%). As well, the best model for CBR values was presented in CBR (%) = −37.173 + 2.32 * + 5.039 * FA,
where is curing time (days) and FA is fly ash (%). The -test was carried out to test the overall performance of the regression model ( The proportion between the regression sum of the square (SS R ) and the corrected total sum of squares is called the coefficient of determination ( ) and is often used to judge the adequacy of a regression model [40] .
2 , 2 adj , the root mean square errors, the mean absolute percentage error, and Akaike's information criterion were used in the evaluation of prediction capacity of MLR models, and these are presented in Table 5 .
A model with low RMSE (root mean square error), MAPE (mean absolute percentage error), AIC (Akaike's information criterion), and high 2 and adjusted 2 performance indices was defined, and its prediction capacity was accepted as excellent by several researchers [41] [42] [43] [44] . By prediction indices, MLR models have shown good performance for independent variables (Table 6) .
Furthermore, measured and predicted shear strength parameters and CBR values obtained from MLR evaluation at the 95% confidence intervals are presented in Figures 18 and  19 . Predicted values are in good agreement with the measured values in the laboratory.
Conclusions
By the work reported in this paper, the following conclusions have been drawn:
(1) The liquid and plastic limits of AC were decreased with fly ash addition. Furthermore, the soil class of AC is changed from "CH" to "MH." AC starts showing plastic behaviour when increasing the percentages of FA additives.
(2) The cohesion and internal friction of AC were increased with FA. Furthermore, curing time is very useful on the shear parameters. Soil samples with 28 days' curing time have shown the highest cohesion and friction angle. (3) SEM views show that FA particles cover the surfaces of clay minerals and constitute an impervious layer. This phenomenon explains why the soil does not swell when FA has been added to it. Furthermore, FA grains build bridges between clay minerals. Therefore, the shear strength ( , ) starts to increase with the FA additive increments. Furthermore, there is a robust relationship between shear strength parameters and curing time with fly ash content. Furthermore, the same inference was determined for CBR values.
